Degradation products of egg phosphatidylcholine (EPC) and cholesterol were analyzed with different normal-and reversed-phase thin-layer chromatography (TLC) systems. The best separation, in terms of the highest number of degradation products from both analytes, was obtained with a reversed-phase system, using butanol-methanol-water-96-98% (v/v) acetic acid (40 + 40 + 20 + 4, v/v/v/v) as the mobile phase after overnight saturation at 25°C. A special development technique was used. After a first development, the plate was dried and a second development was performed in the same direction. This method enabled us to separate lysophosphatidylcholine, several free fatty acids and hydroperoxides, and several undefined degradation products of EPC and cholesterol. All products were visualized after the plate was dipped in a 1% (v/v) solution of 4-methoxybenzaldehyde in 98% sulfuric acid-96-98% (v/v) acetic acid-ethanol-water (2 + 10 + 60 + 30), presenting a blue color or a white spot against a colored background. After activation at 110°C, a stable color for both analytes was reached after 12 min. Precision of <5% was obtained at 2 levels of analysis. Good linearity was obtained in the range of 5-30 mg for EPC (r = 0.991) and 5-40 mg for cholesterol (r = 0.991). These results show that TLC can be an inexpensive and easy alternative for the analysis of EPC and cholesterol.
P
hospholipids are highly attractive molecules in the liposomal domain not only because they spontaneously form liposomes but also because they are natural building blocks for cell membranes, and they can be metabolized in a manner similar to the process for endogeneous membrane phospholipids (1) .
Phospholipids have been thoroughly studied in several pharmaceutical applications, as drug delivery systems for oral, parenteral, and topical administration, in diagnostics, and as contrast agents and therapeutic drugs (2) (3) (4) (5) (6) . Basically, liposomes are well-defined lipid vesicles that offer the immense advantage of targeting the drug to selected tissues via appropriate modifications mediated by either passive or active mechanisms. Liposomes are prepared by using a single lipid or combinations of lipids. Phospholipids are most frequently encountered, followed by cholesterol (7) , which is incorporated in the bilayers of the liposomes and enhances their structural stability (5, 8, 9) .
In comparison with other phospholipids, the amphiphilic phosphatidylcholine molecule has a large hydrophilic head-group and fatty acids in the lipophilic part. The most common mechanisms of phospholipid degradation are oxidations of the fatty acids (10) , especially polyunsaturated fatty acids, represented by linoleic acid and arachidonic acid in egg phosphatidylcholine (EPC). The oxidation of fatty acids is initiated by removal of hydrogen from the lipid chain. Double bonds, present in acyl chains of polyunsaturated lipids, make these chains particularly susceptible to oxidation. The stability of the liposomes themselves, especially the chemical stability of liposomal compounds, has received very little attention despite the great need for quality control of liposomal preparations because most of the degradation products are precursors of severe diseases (11) (12) (13) (14) (15) (16) . Thus, it is vital to minimize the formation of degradation products during storage (17) .
Most important degradation products which should be investigated are oxidation products (18) . An oxidation process in (poly)unsaturated phospholipids can be considered to develop as follows: a free radical chain reaction that results in excessive formation of conjugated dienes and trienes can occur; with further oxidation processes of the conjugated double bonds, 2 types of peroxides are formed, namely, hydroperoxides and endoperoxides. The final stages of lipid oxidation involve breakage and shortening of polyunsaturated acid chains (17) .
On hydrolysis, phospholipids can lose one or both fatty acid chains, to give lysoderivatives such as lysophosphatidylcholine. These compounds cause changes in the properties of the bilayers, increasing their permeability, and are known to have detergent and hemolytic properties (1) in vivo. This process follows first-order kinetics. These reactions become significant above 40°C and are strongly pH dependent, with a pH of maximum stability around 6.5 (10, (19) (20) (21) . These degradation products dramatically change the physicochemical characteristics of the lipid bilayer (22) and have severe effects on the human body.
Even cholesterol, used for the physical stability of liposomes, can lead to toxic degradation products, especially the oxides 7-ketosterol and 7-ketosisterol, generally determined as reliable markers to detect the oxidation of cholesterol (23) and cholesterol hydroperoxides (24) . Because of the great importance of lipids, cholesterol and its derivatives, and fatty acids, many techniques for the analysis of these products were investigated. Because most of these products, EPC, cholesterol, and their degradation products, especially lysophosphatidylcholine, the free fatty acids, dienes, and hydroperoxides, do not have UV detectability, special detection methods need to be selected. In this study, the first steps for the analysis of these products was made by using the liposome components as a basic model for this large group of lipid molecules. Most of the separation techniques for the above-mentioned products are chromatographic, but even enzymatic methods (25) have been assessed. Gas chromatographic methods using capillary (26, 27) as well as classic columns (28) have been widely reported for the analysis of cholesterol and free fatty acids. These techniques require special detection methods, such as a KOH saponification (26) , n-butyl ester derivatization (29) , or the so-called MTB method using nonchlorinated solvents (namely, methyl-tert-butyl ether and methanol; 30). Even liquid chromatography (LC) techniques using chemiluminescence (24, 31, 32) , fluorescence derivatization (33) , and light scattering (34, 35) for the determination of cholesterol and lipids and silver-ion LC (36) for the determination of linoleic acid are described in the literature. Most of these techniques require special sample preparation or extraction, which complicates the analysis. Despite the great diversity in molecular weight and lipophilicity of the products to be analyzed, a simple technique, thin-layer chromatography (TLC), was selected to develop an analytical method for the separation of EPC, cholesterol, and their degradation products. In 1965, Oette (37) started to identify lipid peroxides with a normal-phase technique. Gardner (38) studied the hydroperoxide formation in linoleic acid; Terao et al. (39) studied these degradation products in rat livers by using reversed-phase techniques.
Many researchers (17, 40, 41) used normal-phase techniques for the analysis of phosphatidylcholines or reversed-phase techniques with argented TLC plates with 2-or 3-directional (36) development. Methods (42, 43) were described for the separation of lipids and free fatty acids by using several elution steps with different mobile phases and flame ionization detection (42) . Even for cholesterol (44) and its oxidation products (45, 46) TLC methods (47) were described, but there was no separation from other lipidic compounds.
TLC seems to be an interesting technique in the field of lipid analysis for the separate analysis of each group of lipids. No general study to analyze all the analytes and their degradation products, mentioned above, has been described in the literature. Therefore, the purpose of the work described in this paper was to develop a simple TLC procedure for the quantification of EPC and cholesterol, by separating them from their most common degradation products and using postderivatization to visualize all the products. If applied, TLC procedures to develop degradation products standards are also included. 
Experimental

Standards and Reagents
Preparation of Empty Liposomes
Liposomes were prepared by following the general method of New (17) : 432 mg EPC and 168 mg cholesterol were each separately dissolved in 5 mL chloroform; the solutions were mixed together and dried under a stream of nitrogen and by turning on the Rock'n Roller to develop a dehydrated lipidic film. The last chloroform fraction in the film was evaporated by vacuum over 18 h. The film was then dispersed in 6 mL 0.067M phosphate buffer, pH 8.1, resulting in a liposome suspension containing 72 mg EPC and 28 mg cholesterol per mL suspension (molar ratio of 4:3). This suspension was exposed to different kinds of degradation methods to obtain degradation products of cholesterol and EPC. The term "empty liposome" is used for a liposome suspension that does not contain any incorporated active compound.
Preparation of Solutions for TLC Tests
The preparation of solutions marked with (*) is based on data from the literature. All details are discussed in subsequent sections. The following solutions were prepared for the TLC tests-EPC: 20 mg/mL methanol (20 µL); EPC enzymatically degraded as hydroperoxide sample: 24.4 mg/mL chloroform (30 µL) (*); cholesterol: 2 mg/mL chloroform (20 µL); degraded cholesterol in 37% (w/w) HCl: 10 mg/mL chloroform (10 µL) (*); lysophosphatidylcholine: 1.3 mg/mL methanol (60 µL); stearic acid: 2 mg/mL methanol (20 µL); palmitic acid: 1 mg/mL methanol (30 µL); linoleic acid: 4 mg/mL methanol (15 µL); conjugated dienes containing linoleic acid, enzymatically degraded: 4 µmol/mL (30 µL) (*), and from the liposomes: empty liposomes (5 µL); degraded liposomes in 37% (w/w) HCl (5 µL) (*).
Preparation of Reactants
The following reactants were prepared to perform the colorimetric reactions.
(a) IDF reactant.-For the IDF (International Diary Federation) method (48, 49) , the entire procedure of Shanta and Decker (48) was followed. The following solutions were prepared: the Fe 2+ solution, consisting of 0.5 g FeCl 2 ·4H 2 O dissolved in 50 mL water; the thiocyanate solution, prepared by dissolving 30 g NH 4 SCN in 100 mL water. A 0.5 mL portion of each solution was mixed with 99 mL chloroform-methanol (70 + 30, v/v) to produce the IDF reactant. If not indicated otherwise, 0.1 mL of the solution to be investigated was mixed with 0.1 mL IDF reactant and 0.1 mL 1N HCl.
(b) Fox reactant.-For the Fox method, the study of Jiang et al. (50, 51) was used. The Fox reactant contains 7.6 mg xylenol orange and 9.8 mg ammonium ferrous sulfate hexahydrate in a methanolic solution (methanol-water [90 + 10, v/v]) of 25mM sulfuric acid. A 1 mL aliquot of a methanolic solution of the analyte was mixed with 9 mL Fox reactant, and the mixture was incubated for 30 min at room temperature.
Synthetic Formation of Degradation Products of Cholesterol
The most important degradation products of cholesterol, after oxidation, are 7-hydroxycholesterol and 7-ketocholesterol (52). In our study, undefined degradation products were formed by exposing cholesterol to strong acids; 100 mg cholesterol and 0.5 mL 37% (w/w) HCl in an open tube were mixed on a Vortex mixer. The mixture was warmed to 100°C for 1/2h on a warm water bath, cooled to room temperature, and subsequently extracted with 10 mL chloroform.
Synthetic Formation of Degradation Products of EPC
(a) Undefined degradation products of EPC in HCl.-The procedure, as described in the previous paragraph for cholesterol, was performed with 100 mg EPC. The Fox and IDF reactants (48-51) were used to treat the chloroform extract (as described above in the Preparation of Reactants section). The presence of degradation products of hydrolysis of EPC in acidic medium, especially lysophosphatidylcholine and free fatty acids in particular, was investigated by TLC.
(b) Enzymatic degradation products of EPC.-For the enzymatic formation of degradation products of EPC, hydrogen peroxide solution was added to a dispersion of EPC in aqueous medium at pH 9; this solution was kept in an open tube and exposed to 254 nm radiation for 48 h. Afterwards, the solution was heated at 37°C on a warm water bath. The solution used in this procedure was prepared, as follows: 20 mL of a suspension of EPC (2.75 g in 50 mL sodium borate buffer, pH 9), to which 2.5 mL enzyme lipoxidase (30 mg in 20 mL borate buffer, pH 9) and 2.5 mL 2M H 2 O 2 solution in water were added. A "blank" solution, a mixture consisting of 20 mL borate buffer (without EPC), 2.5 mL enzyme lipoxidase, and 2.5 mL H 2 O 2 solution, was treated in the same way. At the end of the entire activation process, 1.1 g EPC, the same amount as in the sample, was added to the blank. The enzymatic reaction is blocked by adding organic solvents, which are simultaneously used for the extraction of the EPC. By the addition of 10 mL methanol and 3 mL chloroform, EPC could be extracted from the sample and the blank. The organic phase was centrifuged for 10 min at 1000 rpm. The chloroform phase was kept for the determination of the hydroperoxides according to the IDF method (48, 49) described above. (55) proposed a method for determination of enzymatic activity in the quality control of lipoxidase by using linoleic acid as the substrate. Measurement of the activity of the enzyme was based on measurement of the conjugated dienes formed in an excess of linoleic acid at 234 nm (39, 54) . In our study, we investigated the formation of dienes in which a known content of linoleic acid was supposed to be totally converted into its conjugated diene; 10 mL linoleic acid solution (0.16 mmol/10 mL 0.2M borate buffer, pH 9) was mixed with 1 mL lipoxidase solution (5 mg/mL 0.2M borate buffer, pH 9). Both solutions were cooled in ice before they were exposed to each other.
Synthetic Formation of Degradation Products of Empty Liposomes
From earlier studies, the activation time for the development of conjugated dienes by using linoleic acid and lipoxidase was investigated under the same conditions as mentioned earlier; 40 min seemed to be sufficient for total enzymatic conversion of linoleic acid. This was concluded from measurement of the absorbance of the developed dienes at 234 nm as a function of time; a plateau was reached in this time period (unpublished data).
The presence of conjugated dienes was confirmed by diluting the sample solution (50 µL solution + 3 mL 0.2M borate buffer, pH 9) and measuring the absorbance at 234 nm. A 3 mL aliquot was extracted with 3 mL chloroform, which precipitated the enzyme, and the organic extract was taken for TLC.
(b) Formation of hydroperoxides in a solution of linoleic acid.-Gebicki and Hicks (56) created a model of liposomes, named ufasomes, containing only linoleic acid. They stated that ufasomes can form hydroperoxides only by heating at 60°C. By following the preparation methods and conditions for degradation development, ufasomes were prepared, as follows: 0.5 g linoleic acid was dissolved in 3 mL chloroform, and the solution was dried to a thin film. Therefore, the technique described for empty liposomes was applied. The film was dissolved in 10 mL 0.2M Tris buffer, pH 9, by mixing on a Vortex mixer for several minutes to reach a homogeneous dispersion. The degradation process consisted of heating the entire solution in a closed tube to 60°C on a warm water bath for 2 h. After cooling, 0.1 mL of this solution was subjected to the IDF method: 5 mL IDF reactant and 0.1 mL 1N HCl were added, and this solution was further treated according to the IDF method described above. This test was performed to confirm the presence of hydroperoxides.
(c) Formation of hydroperoxides in a solution of linoleic acid by enzymatic degradation and exposure to H 2 O 2 .-Another possibility to form hydroperoxides from an unsaturated fatty acid is to expose a linoleic acid that was enzymatically converted to conjugated dienes by the enzyme lipoxidase to a hydrogen peroxide solution. To stimulate this reaction, the mixture should be heated.
Therefore, 0.015 g linoleic acid was dissolved in 5 mL 0.2M borate buffer, pH 9, and mixed with 0.5 mL 200mM H 2 O 2 in water and 0.5 mL of a 3 mg/mL solution of lipoxidase in water. The entire solution was placed in a glass vial that was tightly closed, and the vial was shaken constantly at ambient temperature for 1 h. After 1 h of activation, quantification of hydroperoxides was investigated with 0.1 mL solution to which 0.1 mL 2N HCl and 5 mL IDF reactant were added (description of the IDF method is given above). The absorbance of this mixture was measured at 500 nm.
Systems for TLC with Post-Derivatization
Several normal-and reversed-phase TLC methods, as well as hydrophilic and hydrophobic mobile and stationary phases, were investigated for their effficiency in separating cholesterol, EPC, and their degradation products. Because all of these compounds and degradation products, with the exception of conjugated dienes, have no UV chromophores, a post-derivatization procedure was developed. The main reference used for this part of the study was the work of Jork et al. (57) .
TLC Plates
Chromatography was performed with ready-made TLC plates from Merck, namely, Silica Gel 60 F (with gypsum) 254 (5 µm; 20 × 20 cm) and RP-18 F 254 S (5 µm; 20 × 10 cm).
Solvents for the Mobile Phases
The eluants used with the Silica Gel 60 and RP C 18 TLC plates are described in Tables 1 and 2 , respectively. The TLC tanks were all saturated overnight at 25°C before they were used for development. For most of the TLC systems investigated, a single 1-dimensional development was used. Further investigation to enhance the separation efficiency led to the "double" development technique. After a first development, the plate was dried, and a second development was performed in the same direction.
Derivatization Reagents
Many derivatization reagents were used for the visualization of cholesterol, EPC, and their degradation products:
(1) Iodine vapors.-Almost 10 g iodine crystals was sprinkled on the bottom of a closed glass developing tank until the tank was saturated, as described by Jork et al. (57) (2) Rhodamine G6 reagent.-100 mg was dissolved in 200 mL 96% ethanol, according to the procedure of New (17 After drying for ≥15 min, the plate was dipped in a freshly prepared derivatization reagent (ca 200 mL) by using a dipping tank. The plate was immediately heated on an electric plate heater. Activation temperatures between 110 and 160°C, depending on the dipping reagent, were applied. For all dipping reagents, a 5 min activation period was enough to visualize the spots (qualitative evaluation). For the determination of EPC and cholesterol, stable, colored spots should be obtained and, therefore, the exact experimental conditions of activation, especially the activation time, should be investigated for the selected dipping reagent. Investigation of activation time was performed in the range of 4-20 min.
Chromatographic Procedure
Aliquots (between 10 and 100 µL, depending on the solution) of the working solutions were automatically applied in points (1 mm) or in bands of 1 cm (1-10 µL/mm) on the plate under a continuous nitrogen stream. The spotting velocity was always 0.1 µL/s.
The plates were developed in a TLC tank saturated overnight with the mobile phase at 25°C (the elution zone is ±7 cm for reversed-phase TLC and 17 cm for normal-phase TLC). These are the conditions for a single development. For a double development, the plate was well dried at room temperature (25°C). The plate was developed a second time by following the procedure as for the first development.
The derivatization procedure, with the use of the dipping technique (as described in the previous section), allows observation of the spots in daylight and at 366 nm (with a UV lamp). Furthermore, under the specific conditions of activation (time and temperature) of the derivatization reaction investigated, the TLC method can be quantitatively investigated by densitometry. The scanner used in this study was a densitometer from Zeiss with an integrated program for data storage.
Measurements were obtained with a scanning speed of 50 mm/min; 200 points were registered when the spot was scanned over a distance of 5 cm. Peak areas were generated from the densitogram, from which samples and blanks were measured in transmission mode, and the measurements were transformed to absorption values and quantified with the use of the Peakfit program from Jandel (Erkrath, Germany).
Other Analytical Methods
Spectrophotometric analysis was performed only to determine the presence of degradation products formed under synthetic conditions. The Fox and IDF methods were used for the measurement of hydroperoxides. For measurement of dienes in enzymatically degraded linoleic acid, the Sigma method at 234 nm was used.
Results and Discussion
Several researchers investigated the analysis of different groups of lipids, including phosphatidylcholines and cholesterol, by TLC. The data suggested the suitability of this technique for the analysis of the liposomal components. Most of the systems tested were normal phase, as were those described by New (17) in his book on liposomes.
In our study, we wanted to develop a TLC method that would allow us to determine EPC and cholesterol in liposomal preparations even after degradation. Therefore, various methods from literature and untested mobile phases in normaland reversed-phase systems were investigated. Testing included the parameters for application, the saturation of the mobile phase, and the development needed to attain good separation efficiency for both analytes and their degradation products. When not available as standards, these degradation products were prepared by using methods from literature. In a second step, the derivatization method using the dipping technique was developed, allowing quantitative analysis.
In the first set of experiments, the position of EPC and cholesterol in a TLC system was investigated. Next, the most suitable system, in terms of the highest number of degradation products separated from the main compounds, was selected. Therefore, degradation products were prepared by following procedures from literature, and their presence was proven with other available analytical methods. Then the derivatization technique was optimized by investigating the kind of dipping reagent, the stability of the color, and the reproducibility. 
Separation of EPC and Cholesterol with Different TLC Systems
(a) Separation in normal-phase systems.-The first setup was based on the work of New (17) , in which different mobile phases containing methanol, acetone, water, and/or chloroform were applied to the separation of EPC and cholesterol on silica gel TLC plates. No details were given about the treatment of the mobile phase and the application of the samples. We had already noticed in earlier studies (58) that line spotting, i.e., applying the sample as a band of 1 cm, is preferable because spots that are more compact are produced after development. Compared with point spotting (59), line spotting results in spots that are less diffuse and enhances the separation efficiency. The change to band spotting also improved the results obtained by the methods of New (17) .
Despite the good separation of cholesterol and EPC (Table 1), none of these TLC systems were suitable for quantitative analysis, because cholesterol migrated with the solvent front line in almost every method (Rf value → 1). Thus, these methods could be used only for the quantitative analysis of EPC. Based on their polarity data, calculated with Rohrschneiders' formula, all mobile phases had comparable polarity, which can explain the results for cholesterol, but not those for EPC. The addition of acetone, especially, to a mobile phase containing methanol and chloroform strongly influenced the migration of EPC. The Rf value of this compound was enhanced by the presence of acetone in the mobile phase (system 3), when compared with the Rf values obtained for EPC with systems 2 and 4, which lack this solvent. From these results, it was concluded that EPC is possibly very soluble in acetone and therefore migrates easily in a mobile phase containing this compound. It was difficult to select some of these mobile phases for further investigation. Because systems 1 and 4 seemed to result in comparable Rf values for EPC and cholesterol, the former was not investigated further. Systems 2-4 were kept in our study. As was noticed on the TLC plate, the addition of ammonia or acetic acid seemed to have a positive influence on the tailing characteristics of the EPC spot.
(b) Separation in reversed-phase systems.-Earlier findings in our laboratory suggested that lower migration distances could be used in reversed-phase systems (7 cm) in comparison with those needed in normal-phase systems (mostly up to 20 cm) with no loss in separation quality. This fact is interesting because it reduces the analysis time.
Researchers often used reversed-phase systems containing methanol, acetonitrile, and water for the determination of lipids by LC (60, 61) . They used special techniques for detection, which complicated the determination of the lipids. Their results suggested that even reversed-phase systems could be used in a TLC method for the determination of EPC and cholesterol. Table 2 summarizes the results for EPC and cholesterol in reversed-phase systems. Water in the mobile phases, especially in systems 1 and 2, led to a total stopping of migration for both analytes and, therefore, was removed from the mobile phase. These observations can be explained by polarity considerations. A polarity of <5 was found for the systems in which separation of the compounds occurred. Because for the water-containing systems, polarity values were much higher than 5, it is quite clear why no migration occurred. Consequently, systems 1 and 2 were removed from further investigation. System 8 is the only one containing water, in which both compounds can migrate weakly, that remained in our study. Even the mobile phase containing almost pure methanol (system 3) was not suitable because the migration of both analytes was similar.
In reversed-phase systems, more hydrophilic products and those of lower molecular weight, as well as degradation products formed by oxidation, hydrolysis, or cleavage, migrated higher than the main compound. In a comparison of the mobile phases containing dichloromethane, despite low Rf values for both analytes, system 5, which contained 20 mL dichloromethane and 80 mL methanol, was selected for further investigation. Its separation efficiency was almost the same as that for system 4, which contained 40 mL dichloromethane and 60 mL methanol and was not investigated further.
Thus, systems 5-8, containing methanol in combination with a highly apolar solvent, were kept for further investigation because they gave a good separation of EPC and cholesterol with suitable Rf values.
(c) Conclusions.-Systems that showed some particular advantages in the normal-and the reversed-phase investigations were further evaluated for their ability to separate the degradation products. Systems 2-4 from the normal-phase systems (Table 1 ) and systems 5-8 from the reversed-phase systems (Table 2) were kept for further study, as described below. 
Investigation of the Presence of Degradation Products in EPC and Linoleic Acid, Treated under Specific Conditions for the Formation of Hydroperoxides or Dienes
EPC, cholesterol, and empty liposomes such as linoleic acid standard products were treated chemically or enzymatically under specific conditions to form degradation products, including hydroperoxides, conjugated dienes, and some undefined products, in HCl medium. To confirm the presence of degradation products, nonchromatographic techniques (colorimetry and UV spectrophotometry) were used. Results from the tests on undefined and enzymatically formed degradation products of EPC, hydroperoxides in liposomal suspensions, and the diene and hydroperoxide formation in linoleic acid solutions treated with lipoxidase are given in the following sections. If a procedure did not meet expectations because the presence of degradation products could not be proven, the treated solutions were not kept for further investigation.
(a) Undefined degradation products of EPC.-Undefined degradation products of EPC were formed by using the procedure described in Undefined degradation products of EPC in HCl in the Synthetic Formation of Degradation Products of EPC section. The Fox and IDF reactants (48) (49) (50) (51) were used to treat the chloroform extract and elucidate the presence of hydroperoxides by evolving a pink and a red color, respectively.
(
b) Degradation products of enzymatically treated EPC.-The formation of enzymatic degradation products of EPC is described in Enzymatic degradation products of EPC in the Synthetic Formation of Degradation Products of EPC
section. An orange-red color, which proves the presence of hydroperoxides, was visually detected. This was confirmed by colorimetric measurement around 500 nm according to the IDF method (48, 49) ; a higher absorption for the exposed solution was detected in comparison with that for the blank solution, in which the hydroperoxides present interfere with the IDF method. An absorbance difference of 0.110 was observed ( Figure 1 (53), was investigated with the Fox method (50, 51) , and the spectrum in Figure 2 was obtained.
Normal-colored complexes of ferric-xylenol orange show maximum absorption at 560 nm (62) . The spectrum in Figure 2 shows a shoulder at 560 nm instead of a maximum; the maximum absorbance appears at 591 nm; thus, the presence of hydroperoxides could not be proven. The displacement of the λ max could be caused by a reaction or a complexation between reactants, present in the solution, other than those needed for the ferric-xylenol orange complex. For example, Cu ions could possibly react with xylenol orange to develop a color other than that in the Fox method and, therefore, another λ max could be the result. This solution was not further investi- A linoleic acid by enzymatic degradation in the Synthetic Formation of Degradation Products of Linoleic Acid section. An absorbance of 1.7 was observed at the maximum wavelength of conjugated dienes, namely, 234 nm, proving the presence of these degradation products. The organic extract was retained for further investigation.
(e) Formation of hydroperoxides in an enzymatically treated solution of linoleic acid.-The presence of hydroperoxides in linoleic acid solutions, produced with the methods of Hicks and Gebicki (63) was confirmed by using the IDF method to develop a red-orange color. Another method to enzymatically develop hydroperoxides, starting from linoleic acid as the reference compound in the presence of H 2 O 2 , which catalyzes the enzyme lipoxidase, is described in Formation of hydroperoxides in a solution of linoleic acid by enzymatic degradation and exposure to H 2 O 2 in the Synthetic Formation of Degradation Products of Linoleic Acid section. The hydroperoxides were quantified by applying the IDF method (48, 49) . A red color was observed, and the absorbance was measured spectrophotometrically at 500 nm. An absorbance of 0.898 was measured after 60 min, compared with 0.107 at a time of 0 min; this change proves the enzymatic formation of hydroperoxides as a function of time.
(f) Conclusions.-All solutions were further investigated by TLC; these investigations are described below.
Final Discussion of TLC Tests Conducted on Solutions of EPC, Cholesterol, and Their Degradation Products
Until now, the selection of the TLC methods for further assessment was based only on their capacity to separate EPC and cholesterol standards. Therefore, the methods were further investigated with several solutions containing degradation products of EPC and cholesterol, which are available as standards, or these products produced synthetically. For the final evaluation, these methods were investigated within a limited time period (a few days), all under the same conditions of saturation of the mobile phase, derivatization, and formation of degradation products ( Table 1 , systems 2-4, and Table 2 , systems 5-8). Details of the spotting volume and concentration of the applied samples are given in Preparation of Solutions for TLC Tests.
For cholesterol, a solution of undefined degradation products was prepared as described in Synthetic Formation of Degradation Products of Cholesterol. The presence of these degradation products could be observed in several of the systems in Tables 1 and 2 , especially in the reversed-phase systems. Cholesterol always migrates quite far in normal-phase systems. Consequently, only the normal-phase system with a mobile phase of chloroform-methanol-water-25% (v/v) ammo- nia (65 + 35 + 2.5 + 2.5; system 4 in Table 1 ), with the highest polarity value of 4.96, gave a reasonable separation of one degradation product from the main compound. In almost all reversed-phase systems that were further investigated (except: system 8 in Table 2 , the most apolar phase), at least one degradation product could be distinguished. The best separation between cholesterol and its degradation products was obtained with system 6 (Table 2) .
For EPC, more standards of degradation products such as lysophosphatidylcholine and fatty acids were available, and more diverse degradation products were produced; thus, the observations were more complex.
Lysophosphatidylcholine, which lacks a fatty acid chain and consequently has a lower molecular weight and lower lipophilicity, was clearly separated from EPC in all systems investigated. As expected, lysophosphatidylcholine migrated less in normal-phase systems and more in reversed-phase systems.
The results in Tables 1 and 2 indicated a small improvement in the separation of free fatty acids from each other in the reversed-phase system when compared with the separation in the normal-phase system. Nevertheless, in none of the systems was a clear distinction made between the different fatty acids. On the basis of the lipophilic characteristics and molecular weights of the fatty acids, separation from the main compounds could be expected because of the strong differences between these compounds and the fatty acids. At least the fatty acids were well separated from the analytes, EPC and cholesterol; this separation fulfilled the purpose of our work.
From the undefined degradation products of EPC that were exposed to HCl, the following was observed. In the TLC systems tested, as well as in the normal-and reversed-phase systems listed in Tables 1 and 2 , different degradation products were observed in the HCl-degraded solution of EPC; they were difficult to identify. The greatest number were found in reversed-phase system 5 ( Table 2) : up to 5 different degradation products were observed. For normal-phase systems 2-4, one degradation product was observed; for system 4, a spot with Rf = 0.64 for a degradation product was observed, suggesting the cleavage of EPC to lysophosphatidylcholine and a free fatty acid, probably linoleic acid or oleic acid.
Empty liposomes, containing EPC and cholesterol simultaneously, were exposed to the degradation procedures described in Synthetic Formation of Degradation Products of Empty Liposomes. Undefined products of degradation in liposome suspension and developed in HCl were proved by TLC with normal-phase system 4 ( Table 2) . These results are shown in Figure 3 . In the TLC plate of empty liposomes, developed on Silica Gel 60 in a mobile phase of methanol-chloroform-water-25% (v/v) ammonia (35 + 65 + 2.5 + 2.5), the liposomes degraded with HCl showed 3 extra spots. The spots with Rf values of 0.98 and 0.69 were not identifiable. It was impossible to define whether these degradation products were derived from EPC or cholesterol. The third spot at Rf = 0.60 could be nonspecified fatty acids that could not be separated from each other in the TLC system used.
As described above in the Experimental section, linoleic acid was successfully treated with the lipoxidase enzyme, leading to the formation of dienes and hydroperoxides (Figure 3) . At least 2 spots of hydroperoxides were well separated from the standard spot by TLC on Silica Gel 60 plates with a mobile phase of methanol-chloroform-water-25% (v/v) ammonia (35 + 65 + 2.5 + 2.5). For the dienes, 4 spots were detected (system 4 of Table 1; Figure 3 ). The degradation products had Rf values of 0.13, 0.20, and 0.40 and were well separated from linoleic acid with an Rf value of 0.61. Up to 5 diene spots were observed for 2 reversed-phase systems, namely, systems 6 and 8 in Table 2 . Dienes as well as higher degradation products such as trienes and others can be formed during enzymatic degradation; this explains the quite high number of spots.
Generally, the following could be concluded: The best choice is a reversed-phase system, because smaller spots can be obtained as a result of the smaller migration distances in these systems. Moreover, with a reversed-phase system, the efficiency of the separation of the different degradation products resulting from the different degradation processes in liposomal suspensions was the same as or better than that obtained with normal-phase systems.
The best separation was obtained with the butanol-methanol-water-96-98% (v/v) acetic acid mobile phase (system 8 in Table 2 ), despite a weak separation between the mean liposome compounds. Dienes of linoleic acid were also separated well in this system and also in the mobile phase composed of dichloromethane-methanol-96-98% (v/v) acetic acid (system 5 in Table 2 ). System 5 gave a good separation of both main compounds, but for liposomal suspensions in which the concentration of EPC was much higher than that of cholesterol, the EPC spot showed tailing. Quantification of cholesterol was therefore impossible. To hinder the tailing formation of certain spots, especially observed for EPC, 96-98% (v/v) acetic acid was added. During our investigation, we found that a higher content of this acid, 4 mL instead of 1.5 mL, in 100 mL mobile phase improved the separation by decreasing the tailing of the spots and sharpening the bands. Thus, the mobile phase of choice contains butanol-methanol-water-96-98% (v/v) acetic acid (40 + 40 + 20 + 4) . To further improve the separation of both compounds of interest, cholesterol and EPC, a double development was performed; after the first development and complete drying of the plate, a second development was applied over the same distance. The results of a single and a double development are shown in velopment produced a better separation of the main compounds from their degradation products.
Selection of Derivatization Reagent
The most common reagent for derivatization in qualitative analysis of phospholipids is exposure to iodine vapors. As described by New (17) , iodine vapors were investigated with the TLC plates; EPC, cholesterol, and lysophosphatidylcholine were visible as strong yellow spots. Because this derivatization reagent is useful only qualitatively (the color disappears when the iodine exposure is stopped), other derivatization reagents were investigated for quantitative analysis, such as vanillin, phosphomolybdic acid, 4-methoxybenzaldehyde, and rhodamine B6. As reported by Jork et al. (57) , they all can be applied for visualization of lipids. All derivatization reagents except rhodamine B6 can color both of the most important compounds of our liposomes, cholesterol and EPC.
When phosphomolybdic acid was used at a concentration of 500 mg% (g/v) in ethanol as the dipping reagent with activation to 160°C, as advised by Jork et al. (57) , the spots were not well colored; changing the solvent to water-methanol (50 + 50, v/v), gave gray-blue spots that appeared after oxidation of the lipids and development of the color by reduction of molybdenum (Mo and then warming to 110°C for ≥5 min activation allowed visualization of the compounds as red-gray spots. However, this led mostly to speckled backgrounds, which were not acceptable for our purpose.
The spraying reagent of 4-methoxybenzaldehyde, used to visualize many compounds containing keto and amino groups and others, does not fulfill the requirements for quantitative analysis because, as also noted by Touchstone (64), uniform spraying is practically impossible. Dipping solutions are, in general, less concentrated than the corresponding spraying reagents and will not destroy the thin layer as spraying reagents sometimes do. Both reasons explain why a dipping solution was developed. Although the reaction of coloration is not well understood (64), 4-methoxybenzaldehyde seemed to be a suitable derivatization reagent. Earlier studies in our laboratory suggested that solutions of 1% (v/v) 4-methoxybenzaldehyde, 2% (v/v) 97-99% (v/v) sulfuric acid, and 10% (v/v) 96-98% (v/v) acetic acid in ethanol-water (60 + 30, v/v) fulfilled the requirements as the dipping reagent (58) . Some other parameters had to be taken into account for usefulness in quantitative analysis: the thin-layer plate has to remain intact after dipping, the drying time has to be as short as possible, and the spots have to be equally colored fine bands. With the activation conditions for 4-methoxybenzaldehyde spraying reagent, namely, 110°C (64), the well-formed spots were colored blue to green in daylight and bright orange in UV light (366 nm). Most of the undefined degradation products of EPC and cholesterol, lysophosphatidylcholine at high concentrations and the hydroperoxides showed well-colored spots after dipping with 4-methoxybenzaldehyde. Concerning the free acids used, linoleic acid, oleic acid and their degradation products, the dienes, are always colored; the saturated acids, palmitic acid and stearic acid, were visible only as white spots against a dark background.
Quantitative Results
(a) Stability of the developed color after derivatization.-Before quantitative work on the analytes was begun, the stability of the color developed with each derivatization reagent was investigated. The plate was heated for 4-20 min, under the conditions described in Derivatization Reagents, depending on the reagent examined. For each derivatization reagent and compound, the λ max , shown in Table 3, was taken into account.
The experiment was performed with working standards of cholesterol at 1 mg/mL and EPC at 5 mg/mL; 30 µL of each solution was spotted in bands of 1 cm. The results are given in Figure 5 .
Regarding the results for vanillin, it seems that the color was not fully developed after 14 min; a higher activation time may be necessary. Concerning phosphomolybdic acid, the EPC spot stabilized well after 20 min of heating, but for cholesterol a longer activation time was necessary. The highest stability of the colored spots for both compounds was clearly reached with 4-methoxybenzaldehyde. Concerning EPC, a 10 min heating resulted in a stable color for 45 min. Cholesterol remained stable for 50 min after 12 min of heating. As a compromise, an activation time of 12 min was selected for both products.
(b) Precision.-The single-beam, single-wavelength scanning mode, which was used in our investigation, can give excellent quantitative results but is especially subject to baseline drift due to background noise caused by fluctuations in source output (59) . To determine the degree of such irregularities, the same spot was measured 6 times (Level I: source fluctuations).
Accurate and consistent application of samples and standards to the plate in small, equal-sized zones is critical for successful densitometry (65) . This is generally best accomplished by spotting equal volumes of samples and standard on a single plate by means of an automatic spotter device. The activation conditions of the derivatization method, including the temperature and time of heating, must be determined, and a definitive time schedule is set so that scanning is performed when the spot areas and intensities become constant (66) . To test the spotting apparatus and reproducibility of the coloration, one solution of each analyte was spotted 6 times on the plate (Level II: spotting and color reproducibility).
Results for both levels are given in Table 4 . The coefficient of variation (%) was consistently <5%.
(c) Calibration.-Adequate aliquots of working solutions of EPC and cholesterol were spotted. Linear calibration curves were obtained between 5 and 30 µg for EPC (y = 188.59x + 1.27, with y = area under the peak, x = quantity of the analyte in µg, and a correlation coefficient of 0.991).
Linear calibration curves were obtained for cholesterol between 5 and 40 µg (y = 76.46x -0.378, with y = area under the peak, x = quantity of the analyte in µg, and correlation coefficient of 0.991).
Conclusions
In our study, we developed a new TLC method which uses a simple reversed-phase technique without pretreatment of the stationary and mobile phases or special saturation conditions. The method requires only a simple C 18 TLC plate, which is developed twice over a distance of 7 cm with a mobile phase of methanol-butanol-water-acetic acid (40 + 40 + 20 + 4). The procedure reported here offers a practical alternative for the separation of EPC, cholesterol, and their degradation products, especially the hydroperoxides, dienes, and free fatty acids such as palmitic acid, oleic acid, linoleic acid, and stearic acid, and lysophosphatidylcholine. A stable coloration produced by using the methoxybenzaldehyde dipping reagent under specific conditions of activation time and temperature, namely, 12 min at 110°C, was obtained for EPC and cholesterol, which suggested the possibility of TLC densitometric determination of these compounds, totally separated from a great number of degradation products. Concentrations >5 µg can be measured precisely.
The developed method is an interesting tool for the development of TLC densitometric methods for the investigation of the dosage and stability of the liposomal components in liposomal suspensions. The first steps for the development of a quantitative method for lysophosphatidylcholine were established, because it can be separated from EPC. 
